Introduction {#s1}
============

The prevalence of heart failure (HF) with preserved ejection fraction (HFpEF), the major pathophysiology of left ventricular (LV) diastolic dysfunction, has been increasing recently, and a high incidence of HFpEF in patients with type 2 diabetes mellitus (T2DM) was reported \[[@R01], [@R02]\]. Although the risk factor of patients with HFpEF and HF with reduced ejection fraction (HFrEF) are similar to some extent, such as hypertension and LV hypertrophy \[[@R03], [@R04]\]. On the other hand, it was also pointed out that the backgrounds of patients with HFrEF and HFpEF basically differed in the age of onset, sex and causes of death, and also that the pathology fundamentally differs between these types of HF \[[@R05], [@R06]\]. HFrEF is a contractile dysfunction with cardiac diseases such as ischemic heart disease, dilated cardiomyopathy and valvular heart disease as major causes. Various systemic conditions such as diabetes, advanced age, hypertension, obesity, dyslipidemia and chronic kidney disease are involved in the onset of HFpEF. These induce chronic inflammation and increased oxidative stress in the heart and blood vessels and secondarily lead to vascular endothelial damage, LV hypertrophy and interstitial fibrosis. It was speculated that these events finally result in the onset of HFpEF \[[@R07]\], but the detailed mechanism is still unknown. As various extra-cardiac factors are involved in the onset of HFpEF, large-scale clinical trials failed to show reductions in mortality in patients with HFpEF by angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARB), β-blockers or aldosterone antagonists, which are cardioprotective drugs that have shown effectiveness in treating patients with HFrEF \[[@R08]-[@R10]\]. Meanwhile, there have been large-scale clinical trials of sodium glucose transporter 2 (SGLT2) inhibitors that not only exert a blood glucose lowering effect but also an improvement in systemic metabolism that did show a favorable effect. The Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patient-Removing Excess Glucose (EMPA-REG OUTCOME) study \[[@R11], [@R12]\] and the Canagliflozin Cardiovascular Assessment Study (CANVAS) \[[@R13]\] reported that these drugs suppressed the onset of cardiovascular (CV) events (especially hospitalization due to HF) in a short period of time in patients with T2DM who were at high risk for a CV event and were being treated for its secondary prevention. Currently, the findings that SGLT2 inhibitors suppressed the onset of HF in patients with T2DM are being analyzed from various viewpoints, and expectation is running high for the preventive effect of SGLT2 inhibitors on the onset of HFpEF. Supporting this expectation, a recent study demonstrated that a SGLT2 inhibitor improved LV diastolic function and LV hypertrophy in patients with T2DM \[[@R14], [@R15]\]. In the present review, we review the involvement of associated conditions such as hypertension, obesity and advanced age from the aspect of the T2DM and LV diastolic dysfunction and discuss the possibility of the development of a new therapeutic strategy for LV diastolic dysfunction and HFpEF.

Factors related to left ventricular diastolic dysfunction {#s2}
=========================================================

Diabetes {#s2a}
--------

The Framingham Heart Study revealed that the risk for HF was increased two- and five-fold among male and female patients with T2DM, respectively. Interestingly, more patients with diabetes were noted to develop chronic HF within 30 months of observation period \[[@R16]\], indicating a close relationship between diabetes and HF \[[@R17], [@R18]\]. Mortality was shown to be high in patients with T2DM whose E/e' ratio, an index of diastolic function in an echocardiographic examination, was larger than 15. Furthermore, since the influence of diabetes on hospitalizations due to HF or CV death is greater in patients with HFpEF than in those with HFrEF, diabetes may be a critical factor in the development of LV dysfunction and its progression to HFpEF. The relationship between diabetes and HF is thought to be multifactorial so that numerous mechanisms have been reported to play an important role in its etiology. Diabetes leads to cardiac structural and functional disturbances in the myocardium. It is widely recognized that diabetic cardiomyopathy consists of cardiomyocyte hypertrophy, inflammation, fibrosis, increased apoptosis and metabolic abnormalities \[[@R19]-[@R21]\]. Cardiac inflammation induced by pro-inflammatory cytokines and chemokines may contribute to the pathogenesis of pressure-overload induced HF as well as diabetic cardiomyopathy \[[@R22]-[@R24]\]. Indeed, concentrations of inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-alpha) and interleukin (IL)-6, are increased in the serum of diabetic patients, suggesting a link between systemic inflammation and LV diastolic dysfunction \[[@R25]\]. LV hypertrophy (LVH) is a characteristic feature of the morphologic manifestations of diabetic cardiomyopathy, generally representing a more advanced stage of disease. Echocardiographic evidence revealed that LVH is a common structural and functional alteration in diabetic patients even in the absence of coronary artery disease or hypertension \[[@R26]\]. Although LVH is frequently associated with increased afterload in diabetic patients with hypertension \[[@R27]\], it can also occur independently of pressure overload \[[@R26]\]. In the diabetic state, neurohormonal activation is seen both at the systemic and tissue levels, and includes up-regulation of the renin-angiotensin-aldosterone system (RAAS), endothelin-1 (ET-1) and the sympathetic nervous system \[[@R28]-[@R30]\]. Enhanced activity of local RAAS induces functional abnormalities in the diabetic heart. High glucose concentrations can increase RAAS activation and production of angiotensin-II (AII) in cardiomyocytes and cardiac fibroblasts \[[@R31]\]. Collectively, they contribute to the functional impairments associated with LV dysfunction in diabetic cardiomyopathy.

Obesity {#s2b}
-------

Epidemiological studies have reported that the risk of HF was increased two-fold by obesity and insulin resistance resulting from obesity compared with normal healthy individuals; also, the risk of HF was further increased with elevations in the body mass index \[[@R32], [@R33]\]. It was reported that insulin resistance was induced even in patients with HF who did not have concomitant diabetes and that insulin resistance makes patients prone to the development of diabetes \[[@R34]\]. Therefore, there may be a close relationship between insulin resistance induced by obesity or diabetes and HF. The pathogenic mechanisms of LV dysfunction and the development of HF are complex ([Fig. 1](#F1){ref-type="fig"}). The secretion of inflammatory cytokines such as IL-6 is enhanced due to obesity based on metabolic syndrome, and systemic insulin resistance is initially elevated. Then, this insulin resistance further promotes insulin secretion causing an insulin-excess state ([Fig. 1](#F1){ref-type="fig"}). The systemic insulin-excess state induces abnormalities in intracellular insulin signal transduction in various tissues. Similarly, it induces increased fatty acid oxidation, decreased glucose uptake and intracellular metabolic impairment in the myocardium. Accordingly, there are then increases in reactive oxidative stress and the induction of mitochondrial dysfunction that results in reduced ATP production and LV dysfunction \[[@R35], [@R36]\]. In addition, it was reported that cardiomyocytic insulin signal transduction was activated in patients with HF, and that excess insulin signaling contributed to the worsening of LV function \[[@R37]\]. Meanwhile, the activation of the sympathetic nervous system, enhancement of the RAAS, and the associated retention of sodium and increased circulating plasma volume occur following enhanced secretion of inflammatory cytokines and aggravation of insulin resistance. These changes induce LV hypertrophy and interstitial fibrosis characterized by deposition of collagen in interstitial tissues ([Fig. 1](#F1){ref-type="fig"}). Since aerobic metabolism is also impaired in hypertrophied cardiac muscles induced by obesity \[[@R33]\], a decrease in LV active relaxation and an increase in LV stiffness take place, resulting in the appearance of LV diastolic dysfunction. It was reported that morphological observation by echocardiography revealed findings of abnormalities in diastolic function (reduced E/A ratio, prolonged E wave deceleration time, reduced E' and increased E/e', and prolonged isovolumic relaxation time (IRT) in obese individuals though echocardiology failed to demonstrate a reduced LVEF). These findings also revealed that diastolic dysfunction became more severe with elongation of the duration of the obese period \[[@R38]\]. As for the morphology of LV hypertrophy due to obesity, the concentric type hypertrophy is more prevalent than the eccentric type. This may be caused by chronic left atrial overload due to increased circulating blood volume caused by obesity and LV diastolic dysfunction.

![Left ventricular diastolic dysfunction and its related factors. FFA: free fatty acid; ROS: reactive oxygen species; ATP: adenosine triphosphate; SGLT: sodium-glucose cotransporter; RAAS: renin-angiotensin-aldosterone system; IL: interleukin; BRS: baroreflex sensitivity; COPD: chronic obstructive pulmonary disease.](jocmr-10-799-g001){#F1}

Hypertension {#s2c}
------------

The relationship between HF and hypertension has long been known. It has been reported that LV hypertrophy associated with hypertension is potentiated by obesity and/or diabetes, and their coexistence was reported to worsen LV diastolic function \[[@R39]\]. Two major mechanisms have been postulated for LV dysfunction caused by hypertension: a mechanism in which pressure load due to hypertension induces LV hypertrophy and HF and a second mechanism whereby increased oxidative stress following RAAS activation and increased secretion of inflammatory cytokines induce LV dysfunction.

Angiogenesis in the myocardium plays a significant role in the mechanism of the development of LV hypertrophy and HF following pressure load \[[@R40]\]. The myocardium exerts a compensatory hypertrophic response to pressure overload, and it also regulates myocardial angiogenesis during the hypertrophic process. Hypoxia-induced factor-1 (HIF-1) induced by hypoxic stimulus and vascular endothelial growth factor (EGF) play important roles in intra-myocardial angiogenesis. Angiogenesis advances with progression of LV hypertrophy. With further progression of LV hypertrophy, however, p53, a tumor suppressor gene, is activated, the expression of HIF-1 located downstream of p53 is suppressed and the expression of VEGF is lowered. It has been thought that HF develops with the reduction of angiogenesis in the heart through these processes. Moreover, various stimuli are known to induce myocardial hypertrophy, myocardial fibrosi, and apoptosis including neurohormonal factors and cytokines, such as AII, ET-1, TNF-alpha activation of redox-sensitive protein kinases and mechanical stretch \[[@R41], [@R42]\]. Reactive oxygen species (ROS)-induced activation of apoptosis signal-regulating kinase 1 (ASK1) may promote troponin T phosphorylation and be implicated in contractile dysfunction. The AII-associated ROS pathway may influence alterations in the structure and function of excitation-contraction coupling and ionic homeostasis and Ca handling \[[@R43]\].

Advanced age {#s2d}
------------

Many studies have examined changes in cardiac structure and contractile/diastolic function of the heart with aging \[[@R44]\]. During the process of adulthood to senescence, the weight of the myocardium increases due to elevation of systemic blood pressure caused by increases in peripheral vascular resistance. At the same time, the myocardial mass/volume ratio increases due to the decrease in the LV end-diastolic diameter \[[@R45]\]. Regarding the LV contractile function, age-related changes in the EF or fractional shortening was reported, but the influence of aging is small on contractility indices on echocardiography. These indices are thought to be constant throughout the life span \[[@R46]\], whereas LV diastolic function has been known to be more strongly affected by cardiovascular mechanical changes due to aging in comparison with contractile functions. Indices of echocardiography reflecting LV diastolic function are as follows: E wave (early diastolic trans-mitral flow velocity) obtained from mitral annular velocity; A wave; E/A ratio; e' velocity (mitral annular velocity) obtained by a tissue Doppler method; E/e' ratio; and the pulmonary venous flow pattern. In adulthood, height of the E wave and A wave decreases and increases, respectively, and the E/A ratio gradually decreases with aging. The LV deceleration time (LV-DT) is prolonged \[[@R47]\]. The E/A ratio continues to increase until about 20 years after birth because the height of the E wave and A wave increases and decreases, respectively. Since the mitral annular velocity, e', which reflects movement of the entire left ventricle, is less influenced by preload compared with the E/A ratio, it has been considered a better index to assess LV relaxation, but e' decreases like the E/A ratio and E/e' ratio increases with aging \[[@R48]\].

Aortic stiffness {#s2e}
----------------

HFpEF is HF that develops mainly by diastolic dysfunction in the left ventricle. The characteristic changes in the arterial system brought about by factors such as hypertension and arteriosclerosis are important as causes of diastolic dysfunction. Thus, HFpEF is thought by some to be a vascular disease. HFpEF often develops based on hypertension, and it more frequently develops in elderly persons and females. The reason for the frequent occurrence of HFpEF in elderly persons can be explained by the pulse wave propagation theory. The ascending aorta expands by ejection of blood from the heart to the ascending aorta, and the expansion propagates through the aorta to its periphery as a pulse wave. The speed of propagation that is defined as pulse wave velocity (PWV) depends on stiffness of the aorta. Since the vascular wall is harder in elderly persons than in young adults, the PWV is higher in the former than the latter. Normally, a reflected pulse wave returns to the aorta in the diastolic phase, but it returns in the late systolic phase in elderly persons because of their high PWV. This phenomenon amplifies pulse pressure in the late systolic phase and increases the LV afterload, leading to the development of diastolic HF. Reasons for the frequent development of HFpEF in females are their shorter stature and shorter length of the aorta than in males. Therefore, a reflected pulse wave easily overlaps on the late systolic phase.

In humans, aortic stiffness and pulse pressure increases with aging. Aortic stiffness can be expressed by effective end-systolic elastance (Ea). Thus, Ea reflects both the average and the pulse pressure component of the afterload. Ejection of blood into a stiffened arterial system induces LV remodeling. End-systolic pressure is more highly elevated in elderly persons than in young adults \[[@R49]\]. This excessive elevation of blood pressure is the reason for worsening of LV relaxation and the elevation of end-diastolic LV pressure \[[@R50]\]. This is indubitably one of the mechanisms for the development of HF in elderly persons, that is, resulting in HFpEF ([Fig. 1](#F1){ref-type="fig"}).

Future strategies for treatment of HFpEF {#s2f}
----------------------------------------

As mentioned above, multiple comorbidities such as advanced age, obesity, hypertension and atherosclerosis as well as diabetes are involved in the development of HFpEF. LV hypertrophy and cardiac interstitial fibrosis have been thought to be the main pathogenesis of HFpEF from the pathological viewpoint. Therefore, inhibitors of the RAAS (ACE inhibitors, ARBs and aldosterone antagonists) have been expected to be effective therapeutic agents for HFpEF because their effectiveness in suppressing LV hypertrophy and interstitial fibrosis was already proven \[[@R51], [@R52]\]. The results of trials that examined the effectiveness of these agents were published as PEP-CHF \[[@R08]\], CHARM-Preserved \[[@R9]\], I-Preserved \[[@R53]\] and TOPCAT \[[@R10]\], but no trial could demonstrate an improvement in long-term outcome of patients with HFpEF through the use of these drugs. These results have forced us to change the therapeutic strategy for HFpEF. It is necessary to introduce systemic therapeutic interventions or interventions targeted to tissues other than the myocardium as well as using conventional treatments focusing on the regression of LV hypertrophy and LV diastolic dysfunction. It was reported that patients with HFpEF presented with LV stiffening in the systolic phase and had arterial stiffening causing an excessive response of blood pressure to exercise and shift of the diastolic ventricular pressure-volume loop upward \[[@R50]\]. Therefore, it appeared reasonable to focus on the treatment of vascular systems or atherosclerosis as therapy for HFpEF rather than focus on the LV myocardium itself based on a previous report \[[@R54]\]. Noteworthy is a recent study on the treatment of HF and CV diseases targeting adipose tissue. Inflammation dependent on p53, a tumor suppressor gene, occurs in adipose tissues in patients with HF, and the persistent inflammation induces insulin resistance and further aggravates HF \[[@R55]\]. In addition, recent attention has been paid to the relationship between CV diseases and brown adipose tissue. Brown adipose tissue is involved in the elimination of lipids and carbohydrate from circulating blood, and may be an important endothelial organ that ordinarily acts to maintain systemic homeostasis \[[@R56]\]. Since it was reported that brown adipose tissue showed whitening and dysfunction in the state of obesity or HF \[[@R57]\], the improvement of inflammation and metabolism in fat tissues may be an important new therapeutic target for obesity- and diabetes-induced HF.

Large-scale clinical trials using SGLT inhibitors, the EMPA-REG trial and the CANVAS trial, taught us that therapeutic interventions aiming at the improvement of systemic metabolism, including the blood glucose level, blood pressure, lipid levels and insulin resistance, are possibly effective for preventing and improving LV diastolic dysfunction and HFpEF. In our recent trial that examined the effect of a SGLT-2 inhibitor on LV diastolic function and sympathetic nerve activity in patients with T2DM, the inhibitor significantly prevented worsening of LV diastolic function without worsening of sympathetic nerve activity such as that indicated by the heart rate and baroreflex sensitivity in T2DM patients at high risk for CV events \[[@R58]\]. Furthermore, the administration of the SGLT-2 inhibitor significantly improved LV diastolic function in the subgroup of patients whose hemoglobin level increased, indicating that levels of erythropoietic hormones, including erythropoietin, and sympathetic nerve activity are related to these results. Imeglimin is a novel drug that belongs to a new drug class called glimins authorized by the World Health Organization. Imeglimin, which is now under clinical trials, has the unique mechanism of improving mitochondrial functions and acts to potentiate blood glucose concentration-dependent insulin secretion, to improve insulin resistance, and to suppress gluconeogenesis in three major organs (liver, muscle and pancreas) that play important roles in the treatment of T2DM. Imeglimin is thereby expected to exert a blood glucose lowering effect. Its effect of improving vascular endothelial function was already reported as one of its versatile effects other than lowering blood glucose values \[[@R59]\]. It was shown that mitochondrial function is lower in the myocardium with LV diastolic dysfunction, which is the characteristic feature of diabetic cardiomyopathy \[[@R60]\]. In addition, it was recently reported that mitochondrial oxidative stress induced insulin resistance and LV diastolic dysfunction \[[@R61]\], and that mitochondrial oxidative stress was also involved in diastolic dysfunction and cardiac mitophagy \[[@R62]\]. Therefore, imeglimin is expected to be a potential therapeutic agent for HFpEF to prevent LV dysfunction in its early phase ([Fig. 1](#F1){ref-type="fig"}).
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